In the large N c limit, the Λ b and Λ c can be treated as bound states of chiral solitons and mesons containing a heavy quark. We show that the soliton and heavy meson are bound in an attractive harmonic oscillator potential. The Isgur-Wise function for Λ b → Λ c e − ν e decay is computed in the large N c limit. Corrections to the form factor which depend on m N /m Q can be summed exactly (m N and m Q are the nucleon and heavy quark masses).
Introduction
In the heavy quark limit, the form factors for semileptonic Λ b → Λ c e − ν e decay [1] are characterized by a single universal function
where v µ and v ′µ are the four-velocities of the Λ b and Λ c , respectively. The Isgur-Wise function η(v · v ′ ) [2] has logarithmic dependence on the heavy b and c quark masses which is calculable using perturbative QCD methods. The quark mass dependence can be put into a multiplicative factor [3] 
where
and Some of the low momentum properties of QCD are determined by its symmetries (e.g. chiral symmetry and heavy quark symmetry). Those nonperturbative aspects of the theory which are not determined by symmetries cannot be treated using perturbation theory in the strong coupling constant. QCD, however, does have an expansion parameter which can be used to study low momentum features of the strong interactions analytically. In the limit that the number of colors N c is large, the theory simplifies and many predictions are possible [6] . The main purpose of this paper is to examine η 0 (v · v ′ ) in the large N c limit.
In the large N c limit, baryons containing light u and d quarks can be viewed as solitons [7] [8] of the nonlinear chiral Lagrangian for pion self-interactions. Baryons containing a single heavy c (or b) quark and light u and d quarks are then described as bound states of these solitons with D and D * mesons (or B and B * mesons) [9] [10]. The large N c behavior of η 0 (v · v ′ ) can be determined using the bound state wavefunctions of the Λ b and Λ c .
For large N c , the function η 0 (v · v ′ ) is strongly peaked about zero recoil since any velocity change must be transferred to ∼ N c light quarks. Independent of the details of the bound state approach, we find that
where λ is a constant of order unity. This equation is valid for
In this kinematic region, η 0 falls from unity to a very small quantity. The derivation of this result is the main purpose of this paper. In addition, the effect on η 0 of corrections to the heavy quark limit that depend on m N /m Q is examined. Some features of the soliton picture of heavy baryons not discussed in previous work on this subject will also be derived here. In Refs.
[10] [11] it was shown that the leading term in the chiral Lagrangian for heavy-meson-pion interactions gives rise to a heavy-meson-soliton potential that is attractive at the origin in the Λ Q , Σ Q and Σ * Q channels. We show in this paper that the curvature of the soliton-heavy-meson potential is positive, indicating that the origin is a stable minimum of the potential energy for these channels. The curvaturve is negative for the exotic channels.
Λ Q as a Heavy Meson-Soliton Bound State
The starting point for discussing soliton-heavy-meson bound states is the chiral Lagrangian for the interactions of mesons containing a heavy quark Q with pions [12] . In the limit m Q → ∞, the total angular momentum of the light degrees of freedom, S ℓ , is a symmetry generator. The lowest mass mesons with Qq a (q 1 = u, q 2 = d) flavor quantum numbers have s ℓ = 1/2 and form a degenerate doublet consisting of pseudoscalar and vector mesons. In the case Q = c, these are the D and D * mesons, and in the case Q = b, these are the B and B * mesons.
It is convenient to combine the fields P a and P * aµ for the ground state s ℓ = 1/2 mesons into the bispinor matrix
where v µ is the heavy quark four velocity, and v 2 = 1. The vector meson field is constrained to satisfy v µ P * aµ = 0. In this section, we work in the rest frame of the heavy meson, v µ = (1, 0). Under the heavy quark spin symmetry,
where S ∈ SU (2) v is the heavy quark spin transformation. The transformation property of H under SU (2) L × SU (2) R chiral symmetry has an arbitrariness associated with field redefinitions. We will use the basis chosen in Ref. [10] ,* with the transformation rule
It is also convenient to introduce the field
The Goldstone bosons occur in the field
where 6) and f ≈ 132 MeV is the pion decay constant
with L ∈ SU (2) L and R ∈ SU (2) R . Under parity, Consequently, in the basis we are using, the action of parity on the H field is somewhat unusual,
The chiral Lagrangian density for heavy meson-pion strong interactions is ratio implies that g 2 < 0.4 [13] . The constituent quark model predicts that g is positive.
The soliton solution of the SU (2) L ×SU (2) R chiral Lagrangian for baryons containing u and d quarks is
where In the large N c limit, baryons containing light u and d quarks are very heavy and time derivatives on the Σ field can be neglected. Consequently, it is the interaction Hamiltonian
with Σ given by Eqs. (2.11) and (2.12) that determines the potential energy of a configuration with a heavy meson at the origin and a baryon at position x. Neglecting operators with more than one derivative (the ellipsis in Eq. (2.13)), and expanding the interaction potential operator in x giveŝ
where S j ℓH denotes the angular momentum of the light degrees of freedom of the heavy meson, and I k H denotes the isospin of the heavy meson. The interaction potential has terms which superficially have the wrong parity, e.g. the term involving the ǫ symbol. However, these terms are required because of the Σ † factor in the parity transformation of H in Eq. (2.9).
The Λ Q baryon has isospin zero and total angular momentum of the light degrees of freedom equal to zero. In the large N c limit, it arises from a bound state of nucleons with P and P * mesons. Baryons with I > 1/2 such as the ∆ cannot produce a heavy baryon bound state with I = 0. On nucleon states, Tr
N is the spin of the nucleon, and I k N is the isospin of the nucleon [14] . Using this simplification, the potential operator becomeŝ
denotes the term of order r n in the potential
The potentialV I ( x) commutes with the total angular momentum of the light degrees of freedom, L + S ℓH + S N , where L is the orbital angular momentum.
To find the Λ Q wavefunction Ψ Λ ( x) and its potential energy V Λ ( x), the potential energy operator must be diagonalized at each point x on the product space of nucleon heavy meson states (e.g. |p, ↑ |P * , − ). It is convenient to consider linear combinations of these product states that have definite isospin I = I H + I N , spin of the light degrees of freedom, S ℓ = S ℓH + S N , and total spin S = S Q + S ℓ . These states are labeled |I, s, s ℓ .
It is straightforward to diagonalizeV I ( x) in this basis, and we find that
is an eigenstate ofV I ( x) with eigenvalue
where κ is defined by
The form of the wavefunction in Eq. (2.17) can also be found using Eq. (2.9) and demanding that it has definite parity. The factor in square brackets in Eq. (2.17) compensates for the factor of Σ † in Eq. (2.9). In Eqs. (2.17) and (2.18), rΛ QCD is treated as a small quantity* and the wavefunction is given to linear order in rΛ QCD , while the potential energy is given to quadratic order in rΛ QCD . The spatial part of the wavefunction φ( x) has a more rapid dependence on r which will be computed later in this article. As r goes from zero to infinity, F (r) goes from −π to 0. Consequently, we expect that F ′ (0) is positive and
is negative. This is true for example for the solution given in Ref. [14] where a particular four derivative term in the chiral Lagrangian for pion self-interactions is used to stabilize the soliton. Furthermore, the constituent quark model suggests that g is positive. Thus, Eq. (2.18) implies that the Λ Q is bound by a harmonic oscillator potential with κ > 0.
In the limit N c → ∞, the nucleon is infinitely heavy and terms in the Hamiltonian in- ing the momentum are found by writing Σ = Σ( x − r(t)) and quantizing the collective coordinate r (t). This procedure yields 
which implies that φ( x) obeys the differential equation The model independence of the results of this paper follows from an analysis of large N c power counting. In the limit m Q → ∞, the typical size (or momentum) of the bound state wavefunction occurs when the kinetic energy p 2 /2m N and potential energy κ x 2 /2 of the bound state contribute equally to the total energy E − V 0 ,
Since κ is of order Λ 3 QCD and m N is of order Λ QCD N c , the N c dependence of the typical binding energy is given by
It is now straightforward to see that higher order terms in the effective Lagrangian can be neglected. Any term in the effective Lagrangian is a function of r = r N − r H ,˙ r N , and˙ r H . Terms involving only the soliton field carry an overall factor of N c . These terms are independent of the relative coordinate r and depend only on˙ r N . In the effective
Hamiltonian, the dependence of these terms on˙ r N enters through powers of the nucleon momentum. A term with n powers of the nucleon momentum has the following large N c behavior,
Thus, all terms with higher powers of the nucleon momentum than the leading order kinetic There is also a class of 1/m Q corrections which can be summed exactly. So far, we have concentrated on the order of limits m Q → ∞ followed by N c → ∞. We now switch to the situation in which m Q , N c → ∞ simultaneously, with the ratio Λ QCD N c /m Q held fixed. The only additional term in the effective Lagrangian which must be included in this double scaling limit is the kinetic energy of the heavy meson,
which is of the same order as a term we have included, since Λ QCD N c /m Q is of order one.
Higher order terms in 1/m Q such as Tr c . Thus, no additional terms other than the kinetic energy of the heavy meson are relevant.
For non-relativistic Λ c recoil, the matrix element of the weak current Eq. (1.1) in the 
where κ is defined in Eq. state is a superposition of products of N with P and P * states. However, we do not need the details of the Clebsch-Gordan structure* of the Λ Q state, as will become clear soon.
The nucleon matrix element vanishes unless
at which point, for the term explicitly displayed in Eq. (3.1), the required heavy meson matrix element is 
Since for non-relativistic recoils v ′ 2 ≈ 2(v · v ′ − 1), the expression for η 0 in a general frame has the form The parameter κ can be determined to be (530 MeV) 3 in the Skyrme model using the shape function used in Ref. [14] , and the value of g obtained in Ref. [11] . With this value of κ, we find that the orbitally excited Λ Q state should be about 400 MeV above the ground state, and that the form factor η 0 of Eq. (3.6) is transitions to excited states are also calculable. It should also be possible to derive our results using the methods of Witten [16] . It would be interesting to explore that approach.
The interaction Hamiltonian in this basis is
Expanding the Goldstone boson field
in a power series about x = 0, and using ξ = A ξ 0 A −1 , we get the interaction potential This Hamiltonian is singular at the origin because of the coordinate singularity in the ξ basis, and the eigenstates of the Hamiltonian will also be singular at the origin. We know that the singularity at the origin has the form τ ·x, because that is the transformation function from the singular ξ basis to the non-singular basis used earlier in this article. We Transforming from the singular basis using Eq. (A.5) gives the kinetic energy
The bound state problem in the ξ basis reduces to that of a three-dimensional harmonic oscillator with a conventional kinetic term.
